This coupled-enzyme method for determining the activity of catalase (EC 1.11.1.6) in erythrocyte lysates is based on measuring the absorbance at 340 nm of NADH produced from the peroxidic reaction between ethanol, hydrogen peroxide, and catalase. Hydrogen peroxide is produced as a substrate in situ from the oxidation of glucose catalyzed by glucose oxidase (EC 1.1.3.4). Catalase oxidizes ethanol to acetaldehyde in the presence of hydrogen peroxide. Acetaldehyde is then oxidized by aldehyde dehydrogenase (EC 1.2.1.5) to produce acetate with concomitant conversion of NAD to NADH. The reaction did not follow strict zero-order kinetics; enzyme activity was quantified by using initial rates and standards prepared from purified catalase. The method demonstrated within-run and between-run CVs of 1.0% to 2.9% and 2.4% to 3.3%, respectively. This semiautomated method correlated well (r = 0.92) with the more tedious manual method involving measurement at 240 nm.
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Catalase
(H202:H202 oxidoreductase; EC 1.11.1.6), a heme-containing enzyme of about 250 kDa, is generally present in aerobic cells, often at significant specific activity.
catalyzes the rapid decomposition of hydrogen peroxide to water and oxygen, the catalatic reaction. By promoting this reaction within cells, catalase protects against potential oxidative damage from free radical formation (1, 2) .
The role of antioxidant enzymes in health and disease is under increasing investigation, a reaction to recent evidence that free radicals may be important in initiating several pathophysiological processes, especially ischemicreperfusion injury (3, 4) . Because much of this damage occurs within cells, the antioxidant activity in tissue is considered to be more relevant than that in plasma. The measurement of antioxidant enzyme activity in erythrocytes has been used as an index of overall tissue activity (4) . Several methods have been described for measuring catalase activity, most of these being modifications of the initial approach reported 40 years ago by Chance and Herbert (5) . In that method the amount of hydrogen peroxide decomposed by the enzyme during a defined time interval is determined by measuring the decrease in the absorbance of hydrogen peroxide at 240 nm (6, 7) . Other reported methods for determining catalase activity in blood and tissues include titrimetric determination of hydrogen peroxide, determination of oxygen production by oxygen electrode, and immunoprecipitation (2) . These methods are tedious and not easily automated.
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Catalase also exhibits peroxidase activity and catalyzes the oxidation of various hydrogen donors in the presence of relatively lower concentrations of hydrogen peroxide (8) . This peroxidatic reaction is the mechanism of ethanol oxidation by human liver peroxisomes, which contain substantial catalase activity (9) . The kinetic characteristics of the peroxidation of ethanol by catalase have been thoroughly investigated, and the reaction has been used to investigate this activity in tissue (8) . We report here a method for determining catalase activity in erythrocytes that is also based on the coupled enzymatic oxidation of ethanol. In the presence of hydrogen peroxide and catalase, ethanol is oxidized to acetaldehyde and water. Acetaldehyde is subsequently oxidized by aldehyde dehydrogenase (aldehyde:NAD(P) oxidoreductase; EC 1.2.1.5) to acetate with the concurrent formation of NADH, which is measured at 340 nm. Hydrogen peroxide is generated endogenously by oxidation of glucose by glucose oxidase (/3-D-glucose:oxygen 1-oxidoreductase; EC 1.1.3.4). The activity of the lyophiuized material was stable for up to six months. We analyzed standards and unknowns with the Cobas-Bio, using both substrate and blank solutions and the settings shown in Table 1 . The catalase activity of the unknowns was calculated manually from the corrected (subtracting the rate of the blank) rate of absorbance change at 340 nm during the initial 30-s reaction. Final activities in erythrocytes were expressed as units per gram of hemoglobin.
Materials and Methods
Equipment
Results
We compared the rate of product formation by using both a fixed initial hydrogen peroxide concentration and the endogenous generation of hydrogen peroxide ( Figure 1 ). Utilizing glucose oxidase and glucose to form hydrogen peroxide endogenously at a constant rate (2 mmol/L per mm) resulted in a more consistent absorbance change than did using a comparable initial fixed concentration of hydrogen peroxide. We found this to be true for a wide range of catalase activities and enzyme/substrate ratios. The linear portion of the absorbance-time curve was quite limited and variable at all activity concentrations studied. This finding did not correspond with substrate depletion and probably reflects both a loss of catalase activity with time during the assay interval and a variable contribution of the catalatic reaction. The change in observed rate of reaction as the concentration of hydrogen peroxide in the substrate solution is increased is shown in Figure 2 . At hydrogen peroxide concentrations just exceeding 4 mmol/L, catalase activity was still not saturable, and at higher concentrations, degradation of hydrogen peroxide by catalatic cleavage had proceeded to an extent that oxygen bubble formation was visible, making impossible accurate absorbance measurements at 340 nm. Therefore, we kept the steady-state hydrogen peroxide concentration well under 4 mmol/L to ensure that the contribution of the peroxidatic reaction would occur at a ratio of hydrogen peroxide to ethanol of <0.03. A Lineweaver-Burk plot of the same data shown in Figure 2 was not linear. When we used endogenous generation of hydrogen peroxide, the effect of varying the glucose oxidase activity in the reaction mixture was similar to the results shown in Figure 2 . The glucose oxidase activity chosen for the majority of studies reported here was 1.0 kUfL, with a start reagent concentration of 75 kU/L. The effect of varying the ethanol concentration in the reaction mixture was similar to that shown in Figure 2 for H2O2, 
The use of isopropanol, methanol, or glycerol as the hydrogen donor for the peroxidatic reaction rather than ethanol was unsuccessful;
at concentrations up to 200 mmoIJL, these substrates failed to show a positive absorbance change at 340 nm. Although aldehyde dehydrogenase also uses NADP as a cofactor, we found that the conversion of acetaldehyde to acetate proceeded almost threefold faster when equivalent concentrations of NAD were used instead of NADP.
The coupled reaction exhibited maximum activity at about pH 7.0, although there was little change between pH 7.0 and 8.0. Activity decreased at pH values <7.0 and >8.0.
The effect of varying the activity of the indicator enzyme in the reaction solution is shown in Figure 3 . Aldehyde dehydrogenase activities of at least 10 kU/L ensure that this enzyme will not be rate-limiting for catalase activities up to 200 units/mL. Glutathione peroxidase and hemoglobin both possess peroxidase activity, so we evaluated their ability to catalyze the reaction between ethanol and hydrogen peroxide. We did not observe a positive change in absorbance for glutathione peroxidase up to 100 UIL or for reduced hemoglobin up to 20 g/L (10- respectively. The stability of standard and hemolysate dilutions prepared in water or buffer was not impressive at ambient temperature. Catalase standards prepared in 0.1 moIlL phosphate buffer exhibited about a 30% decline in initial rate after remaining at ambient temperature for 2 h. This loss of standard activity was not prevented by adding human albumin, 50 g/L, to the standard solutions; however, adding ethanol to the buffer to a final concentration of 150 mmol/L or storage at 4#{176}C stabilized the activity of the standard. When reagents, standard, and sample dilutions were propared with buffer containing ethanol and kept at 4 #{176}C until assay, the reaction rate decreased by <5% after 4 h. Standards prepared from the same lot of commercial material exhibited <5% variation in initial rate over a sixmonth period. Therefore, we assigned the activity units to the standard once per lot, on a per weight basis. Erythrocyte catalase activities determined with the coupled-enzyme technique correlated with those obtained with the manual catalase method ( Figure 5 ). Regression analysis revealed a slope of! .84, an intercept of -12.75 units/g of hemoglobin, and a correlation coefficient of 0.92 (n = 34).
Results obtained with the peroxidatic method exhibited a positive average bias of 1.94 units/g of hemoglobin, compared with the manual method.
Mean (± SD) catalase activity determined by the coupled-enzyme method in hemolysates from 30 apparently healthy donors was 15.6 ± 2.2 units/g of hemoglobin (range 13.8 to 18.5).
Discussion
Catalase exhibits dual activities: it can facilitate both the decomposition of hydrogen peroxide to water and oxygen (catalatic activity) and the oxidation of hydrogen donors such as ethanol with the consumption of hydrogen is formed initially, but the catalatic decomposition of H202 then proceeds at a rate four to five orders of magnitude faster than the peroxidatic reaction (1). Under most assay conditions, the peroxidatic reaction cannot totally predominate without being independent of catalase concentration (8) . Catalase exhibits kinetics that do not follow the usual pattern.
For instance, it is not possible to saturate the catalatic activity of the enzyme with substrate, reportedly up to 5 mol/L (H202) (2), and there is also a corresponding inactivation of catalase by H202 at concentrations >0.1 mol/L when inactive H202-catalase complexes are formed. The peroxidatic reaction used here also did not demonstrate Michaelis-Menten kinetics, and the enzyme activity became predominantly catalatic before reaching complete saturation by H202. We found that the acetaldehyde dehydrogenase reaction proceeded extremely rapidly at acetaldehyde concentrations as low as 0.2 mmolJL. This enzyme depends on the presence of potassium and a thiol for maximal activity (11); it is also subject to substrate inhibition at acetaldehyde concentrations approaching the Km value but, when prosent in excess as an indicator enzyme, this is not a problem.
The unusual kinetics of catalase meant that the choice of assay conditions could not be based on traditional concerns for achieving zero-order kinetics and optimal activity. Instead, we had to establish a working hydrogen peroxide-toethanol molar ratio substantially less than 0.067 to ensure that sufficient peroxidatic reaction occurs. We chose assay conditions that maximized the linear relationship between catalase activity and rate of absorbance change in the initial 30-s reaction. Adjustment of conditions can provide pseudo-zero-order kinetics at low catalase activities for short measurement intervals. Nonetheless, these conditions were difficult to reproduce, owing to variations in reagent composition, and did not obviate the need for standards with independently derived catalase activity necessary for initial rate measurements.
Variation of reaction conditions alters the relative contributions of the catalatic and peroxidatic reactions and, therefore, affects the relationship between catalase "activity" and the peroxidatic reaction with ethanol measured at 340 nm.
One cannot define international units (U) for catalase activity according to International Union of Biochemistry (IUB) guidelines because of the absence of substrate excess.
For the catalatic reaction, several approaches have been used, including determination of the first-order rate constant (2) . We chose to assign a value to a standard prepared from a dilution of commercially available, purified catalase by assaying the catalatic activity by the method of Beers and Sizer (7). We chose this approach for several reasons. First, it is well known that catalase loses activity upon lyophilization, and we found that using crystalized catalase was less convenient and less reproducible. Second, we wished to maintain some consistency with most previous studies of erythrocyte catalase activity, which have used this method for quantifying activity. Third, for the reasons described above, a usable standard curve was necessitated by the sensitivity of the peroxidatic reaction to assay conditions, including catalase concentration.
The endogenous production of hydrogen peroxide in the method reported here obviates the need for handling concentrated hydrogen peroxide solutions. In addition, the rate of absorbance change was more consistent when we used this technique. The unavoidable kinetic complexity introduced when a rate of substrate concentration change is substituted for an initial fixed concentration does not appear to be a significant problem here, possibly because of the inherently unusual kinetics displayed by catalase under these conditions. Precision and stability are major concerns in measuring antioxidant enzyme activity. The activities of these enzymes are measured in the oxidizing conditions necessary to detect their activity, and the initial rates provide the most optimal information because the enzymes may lose activity during the course of the assay reaction (2). We found that catalase preparations and hemolysates of low activity (high dilution) were not particularly stable at ambient temperature when prepared with solutions not containing ethanol. The results were most consistent when reagents, standards, and hemolysate dilutions were prepared in solutions containing 150 mmol of ethanol per liter and were kept at 4 #{176}C when not in use. Using this approach, we could obtain more than adequate stability and precision.
Because several enzymes and proteins in erythrocytes exhibit peroxidatic activity, the specificity of the assay described here was of concern. To the extent to which we could evaluate the activity in hemolysates, only catalase contributed to the observed positive absorbance change at 340 nm. Both glutathione peroxidase and hemoglobin failed to show activity. In addition, the complete inhibition of activity by azide indicated a requirement for an active heme moiety. These findings suggest that the assay is adequately specific for catalase. The use of NADH-producing indicator reactions is reportedly prone to spectral error in the presence of hemecontaining proteins (12). This effect becomes significant at hemoglobin concentrations >1.0 g/L in the reaction mixture. The method described here maintains the final hemoglobin concentration at <0.5 g/L in the reaction mixture and encounters negligible error at 340 nm.
More troublesome was the initial finding that the oxidation of reduced hemoglobin to methemoglobin during the course of the assay reaction contributed to a negative blank rate when the indicator enzyme was not present. Although catalase is also an iron-heme protein with catalytic activity dependent on the appropriate oxidation state, we found that differentially pre-oxidizing the reduced hemoglobin with ferricyanide to form cyanmethemoglobin significantly
